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objective of this work is the design and validation of a lab-scale reactor for noninvasive in situ monitoring of changes in the size of a macro object over longer periods of time, e.g. hours, days, weeks. This is particularly needed in the study of smart hydrogels. Smart hydrogels are soft materials that can reversibly respond to changes in a variety of chemical and/or physical stimuli in their environment by adjusting their conformation i.e. changing volume via swelling and de-swelling actions. [2] , [3] These materials have attracted significant scientific interest since their discovery and are quickly progressing from proof of principle to applications in the areas of drug delivery, tissue engineering, biosensors, microfluidic devices and purification systems. [4] , [5] , [6] , [7] , [8] , [9] , [10] , [11] , [12] , [13] , [14] At all stages of development research, endeavours require measurements of conformational change, and various qualitative and quantitative methods have been pursued. Qualitative assessment is the reporting of general observations often accompanied by an example image of a sample. [15] Quantitative methods tend to report sample size (length, radius, and thickness) measured with a ruler or Vernier calliper, or the mass of a sample measured gravimetrically. [16] , [17] , [18] While all of these methods are useful, each has shortfalls. Visual observations are subjective, may be inconsistent and are difficult to compare between different laboratories.
Measurement of size with rulers/callipers as well as gravimetrically requires sample handling which generates inaccuracy. Smart hydrogels predominantly consist of water and therefore have a soft structure. During the handling process some of this water may be lost and some fracturing or fragmentation of the hydrogel may occur, introducing errors in measurement. Furthermore, all of these methods require human intervention and therefore are not ideal when lengthy monitoring periods are required.
In an attempt to resolve the aforementioned issues, optical methods have been introduced employing cameras and microscopes supported by digital image processing software. [15] , [19] , [20] While optical studies have led to progress in hydrogel imaging, in situ monitoring still faces limitations, in particular when lengthy screening in controlled conditions is needed. Additionally, samples are three-dimensional objects requiring imaging from multiple angles in order to reconstruct the actual size of the object and subsequent changes in size/volume.
Also, containers used to store and study samples are typically made of curved glass which introduces image distortion when filled with a liquid.
This paper presents a lab-scale reactor which has been designed to enable the imaging of simple three dimensional objects over long periods of time in a controlled reaction environment. Various aspects of the prospective chemical processes were considered and the reactor was designed accordingly. A 1951 USAF resolution test target was used to test the resolving power of optical imaging while a pH responsive PVP-chitosan hydrogel was imaged as an example of an object whose change in volume requires screening over long periods of time.
Materials and Methods

Hydrogel Synthesis
Poly (vinyl pyrrolidone) (PVP) Mw 40,000 g/mol; chitosan (Cht ) Mw 190,000-300,000 g/mol with 80% deacetylation; genipin (Gen) ≥98%; and glacial acetic acid were purchased from Sigma Aldrich. Glycine (pH 2) and phosphate (pH 7) buffers were obtained from Fisher Scientific. All chemicals In both cases mixtures were stirred for 5 min using a magnetic stirrer.
Subsequently, the vials were closed and the samples polymerized at 37°C in an oven for 24 h. Following polymerization, samples were removed from the vials and stored in pH 7 buffer to contract prior to optical study.
Optical Experimentation
The optical studies reported employed the setup shown in Figure 1 . 
Optical Reactor Design
The reactor was designed ( Figure 2 ) and manufactured in-house ( Figure 3 ). To achieve a functional reactor vessel suitable for optical screening the following elements were incorporated in the design: two parallel windows on opposite sides of the reactor made form optical grade glass (Ø3 cm) for horizontal viewing; one window (Ø4 cm) made form optical grade glass incorporated in the reactor lid to enable vertical viewing; an inverted lid to allow the optical window to be immersed into the solution in the reactor to avoid issues with condensation when operating the system over longer periods of time or when running the system at elevated temperatures; a reactor jacket so that temperature can be controlled; four ports for sampling and/or probe insertion; an overflow valve to enable continuous operation when such a configuration is required. Figure 2 Optical reactor specifications. the most effective resolution of the test target that can be applied to imaging of the macro object (hydrogel) changing in size over time in the reactor. This was done by selecting the appropriate camera f-number setting (the ratio between the focal length and the aperture diameter). When the f-number of the lens is decreased, the resolution of the image increases, while the depth of field is reduced. [22] This means that for imaging macro scale samples, the resolution at the centre of the chamber must be reduced by selecting a higher f-number in favour of increased depth of field to maintain quality imaging throughout the extent of the sample.
The stand shown in Figure 4c was placed inside the jacketed reactor, which was filled with water. The resolution test target was placed in the middle slot (Slot 3) and the effect of a range of f-numbers on image resolution was studied using Camera 1. For each of the f-numbers the camera was focused on the resolution chart and an image was taken. Using the same settings without any further changes, the chart was moved to Slots 1 and 2 and images were taken for both positions. Slot 3 is used as a marker as it reflects the central crosscut of the hydrogel, a plane that remains unchanged. Slots 1 and 2 are used to mimic the gel swelling towards Camera 1. For imaging using Camera 2 (the top view), stand 4e was positioned inside the reactor and the resolution test target was placed on it. The f-number was set and an image was taken of the focused resolution test target. In all cases, images were evaluated for resolution using the 1951 USAF resolution test target table converter (www.thorlabs.com).
Evaluation of Image Distortion
To evaluate the improvement made by incorporating optical quality flat glass windows in the reactor design compared to a conventional curved vessel, image distortion was assessed. The setup consisted of a 25 by 25 mm piece of acrylic graph paper (mm scale) positioned in Slot 3 on the stand (Figure 4c ) inside the optical reactor which was filled with water. Firstly, the graph paper was imaged through the optical windows following the methods described above. Following this, the stand was elevated to enable imaging through the curved surface of the reactor. The two images were compared using ImageJ software Where curved glass distance is the distance measured through the curved surface, and optical flat glass distance is the distance measured through the flat optical surface.
Evaluation of Condensation Effect
The effect of condensation on resolution was also assessed. The 1951 USAF resolution test target was positioned horizontally on the stand (Figure 4e ) in the optical reactor which was filled with water and covered with either a flat glass lid or the inverted optical flat glass lid (Figure 2c ). The inverted lid was immersed in the water. The water bath was programmed to maintain a temperature of 32 °C allowing the water in the reactor to be heated gently generating condensation. Images of the resolution test target were taken using Camera 2 with the optimized settings from the procedure described above (Section 2.2.2).
Optical Study of Hydrogels
As shown in Figure 1 , the reactor was attached to a water bath set to the appropriate temperature. Temperature and pH probes connected to a data logging PC were inserted into two ports. The reactor was filled with buffer solution, and cameras were set using the optimised camera settings from Section 2.2.2. A hydrogel was positioned at the centre of the stand using a needle to hold the gel in place ( Figure 5 ).To prevent the gel from floating, a small piece of PTFE was secured at the top of the needle leaving sufficient space for gel expansion. The stand and hydrogel were then lowered into the solution and imaging commenced. In the first experiment hydrogel swelling was monitored in a pH 2 buffer solutions for 2 weeks, while in a second experiment pH 2 and pH 7 buffers were alternated every 24 h. The images obtained were viewed and analysed using ImageJ software. The height and top surface area of the hydrogels were quantified in arbitrary units (H arb and A arb ) and the relative volumetric swelling ratio was calculated according to Equations 3-5. [15] where is the relative volumetric swelling ratio; V 0 arb is the relative volume of the hydrogel at time zero; V arb is the relative volume of the hydrogel at a given time after time zero; A 0 arb is the top surface area of the hydrogel measured at time zero; H 0 arb is the height (thickness) of the hydrogel measured at time zero;
A arb is the top surface area of the hydrogel after time zero; H arb is the height (thickness) of the hydrogel measured after time zero.
As ImageJ produces arbitrary dimensions, a calibration is required to convert measurements to mm. Equations 6 and 7 demonstrate how the hydrogel height was calibrated.
Where H is the calibrated hydrogel height (mm); x is a calibration constant for height; H arb is the arbitrary height given by ImageJ; H 0 is the known hydrogel height at time zero measured using a digital calliper (mm). A similar process was carried out for determining the hydrogel top surface area (Equations 8-10).
Where A is the calibrated hydrogel top surface area (mm 2 ), y is a calibration constant for diameter; d 0 is the known hydrogel diameter measured at time zero using the digital calliper (mm) while d 0 arb and d arb are the arbitrary diameters calculated using ImageJ at time zero and afterwards; A arb is the arbitrary top surface area given by ImageJ.
Evaluation of temperature and pH stability
To evaluate the effectiveness of the reactor jacket, the vessel was filled with pH 2 buffer and the water bath temperature was increased in 10°C steps from 25 to 75°C over approximately 3 days. Both temperature and pH were recorded inside the reactor at the position where the hydrogel sample would be situated.
Results and Discussion
Following the method outlined in Section 2.2.2, a range of f-numbers were evaluated using the horizontally mounted camera (Camera 1, Figure 1 The results are presented in Table 1 . As can be seen from Table 1 Taking the central position (Slot 3) as a reference, the change in magnification varied from -2% for the position closest to the camera lens to just over +3% at the most distant position from the lens. Stated another way, there is a potential error of about +/-3 % over the depth of field of 40 mm. However, for the hydrogel measurements herein, the side edge of the round hydrogel sample, which remains at the Slot 3 position during swelling, was used to determine height so this error has no effect on the measured volumes.
The hydrogels were, therefore, imaged using Camera 1 set at f-number 27, exposure 1/10th s, ISO 2200 and Camera 2 set at f-number 22, exposure 1/10th s and ISO 2500. Higher ISO corresponds to increased sensitivity of the sensor array while exposure (sometimes expressed as shutter speed) is the time the array is exposed to the light. The differences in ISO numbers between the two cameras are due to the variation in their specifications.
Image distortion was assessed to evaluate the improvement of incorporating optical quality flat glass windows in the reactor design compared to using a conventional curved vessel. It is recognized that imaging through curved glass introduces distortion. Simply put, distortion refers to variation in magnification over different parts of the image. This is particularly relevant when objects are viewed through a different medium where changes of refractive index distort the light seen. [23] In other words, the curved surface, in conjunction with the liquid medium contained within it, acts as an additional lens, which is generally undesirable. Using the method described in Section 2.2.3 and Equation 2, image distortion was calculated to be 32.7% when images were viewed using the curved vessel containing water rather than through the flat optical glass window. As can be noted from Figure 7 , curved glass induces a so called "barr " distortion. While a small level of distortion is associated with the camera lenses [24] , it is clear that imaging through curved surfaces significantly reduces accuracy. To validate the reactor design and camera setup hydrogels prepared as detailed in Section 2.1 were imaged. The hydrogel with the increased amount of PVP (0.5 mL PVP) was imaged in pH 2 buffer at 20°C over two weeks to assess the durability of the setup. This hydrogel composition was selected as it swells significantly due to the increased PVP content which serves as a disintegrant and thus enhances the increase in volume of the sample in addition to that which occurs from the tendency of chitosan to swell in acidic buffer. [15] Only images taken at the beginning and the end of the experiment are given in Figure 9 .
Using the ImageJ software and Equations 3-5 for the images shown in Figure 9 it was calculated that the hydrogel swelled 160%. To illustrate the capabilities of the setup to record alternating pH environments, hydrogel samples with an increased amount of chitosan relative to PVP (Section 2.1) were imaged at 20°C in pH 2 buffer for 24 h followed by imaging in pH 7
buffer for another 24 h. Images were taken every 15 min. The sample composition was selected to ensure an increased responsiveness to pH change.
For that reason, the amount of chitosan was increased and the amount of PVP was decreased. Also, to achieve faster diffusion, thinner samples were synthesised. The experiment was repeated (Sample 1 and Sample 2) and results are given in Figure 10 . Figure 10 Change in size of hydrogel samples (0.3 mL chitosan, 0.05 mL genipin and 0.1 mL PVP solutions, polymerized at 37°C in an oven for 24 h and stored in pH 7 buffer to contract prior to optical study) imaged in alternating pH 2 and pH 7 buffers: a) top surface area (mm 2 ) and height (mm); b) hydrogel volume (mm 3 ) and relative volumetric swelling ratio (%).
As expected for chitosan based hydrogels, the hydrogel swells in an acidic environment (pH 2 buffer) and collapses in a basic (pH 7) environment. Figure   10 clearly shows that conformational changes in the gel can be successfully followed with time using this reactor setup. While a digital calliper was used to calibrate the size of the gel in these experiments other reference points are equally effective. For example, the height of the needle that positions the hydrogel is fixed and can be used as a reference point for the height of the gel and the stand diameter can be used as a reference point for the top surface area of the gel.
The optical reactor was designed with a jacket to enable imaging at different temperatures. As the jacket only covers the lower section of the reactor a test was conducted to evaluate reactor performance at elevated temperatures. In the setup used, the water bath was set to the desired temperature while temperature and pH inside the reactor, which contained pH 2 buffer, were monitored using a Pt100 and a pH probe. The setup did not involve feedback and control of the water bath temperature in response to the temperature measured inside the reactor although this could be achieved with the necessary equipment. As can be seen from Figure 11 , a difference between the set and measured temperature exists which increases with the increase in operating temperature due to heat loss, however, the temperature inside the reactor is stable and constant at each set point. It can thus be concluded that, even in such a simple setup without feedback to regulate the water bath temperature in response to temperature inside the reactor, the desired temperature can be achieved by increasing the set point in the water bath. Equally, as pH is monitored rather than controlled, a pH decrease with an increase in set temperature is noted. This is expected as the formation of hydrogen ions is an endothermic process and with the increase in temperature the position of equilibrium shifts towards formation of hydrogen ions. [25] In conclusion, a reactor suitable for non-invasive, in situ imaging of threedimensional objects in a reactor over long time scales of the order of weeks has been designed and validated. The vessel is conceived in such a manner as to minimise image distortion, eliminate issues with condensation obstructing viewing, enable stirring, sampling, probe mounting and temperature control.
Complementing the optical reactor, inexpensive optics are used making the proposed setup widely accessible. The resolving power of the system has been determined using a USAF 1951 resolution test target. The reliability of the method was demonstrated by screening hydrogel samples.
